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The identity of dark matter is being sought with increasingly sensitive and voluminous under-
ground detectors. Recently the XENON1T collaboration reported excess electronic recoil events,
with most of these having recoil energies around 1− 30 keV. We show that a straightforward model
of inelastic dark matter produced via early universe thermal freeze-out annihilation can account for
the XENON1T excess. Remarkably, this dark matter model consists of a few simple elements: sub-
GeV mass Dirac fermion dark matter coupled to a lighter dark photon kinetically mixed with the
Standard Model photon. A scalar field charged under the dark U(1) gauge symmetry can provide a
mass for the dark photon and splits the Dirac fermion component state masses by a few keV, which
survive in equal abundance and interact inelastically with electrons and nuclei.
I. INTRODUCTION
While ample evidence has been collected demonstrat-
ing the gravitational influence dark matter exerts on
galaxies and structure formation in the early universe,
dark matter’s origin, couplings, and mass remain a com-
pelling mystery. If dark matter is a particle with a mass
less than a gram, then the predicted flux of dark matter
at Earth’s position implies that dark matter’s interac-
tions may soon be detected with multi-tonne-scale detec-
tors. At present some of the most incisive searches for
dark matter’s interactions are being conducted in low-
background laboratories deep underground.
Recently the XENON1T collaboration reported an ex-
cess of electron recoil events in a 0.65 tonne-year exposure
of cooled xenon, with many events having recoil energies
around a few keV. Since this xenon search is the most
voluminous and sensitive search ever conducted at keV
recoil energies, it is possible these excess events are at-
tributable to a hitherto undetected background process:
the beta decay of tritium has been proposed as one such
background [1]. However by the same token it is pos-
sible that XENON1T has discovered the interactions of
a dark matter particle. Since the XENON1T result was
announced, a number of new physics proposals have been
put forth to explain the excess [1–19]. However, thus far
it has appeared difficult to explain the excess without in-
voking special dark matter or dark sector properties (e.g.
a subdominant boosted component of dark matter).
Here we will demonstrate that a straightforward model
of Dirac fermion dark matter, coupled to the Standard
Model through a dark photon, can both account for the
observed abundance of dark matter in our universe and
may have been detected as an excess of electron recoil
events at XENON1T. Two key features of this model
are an inelastic mass splitting of a few keV between the
Dirac fermion component states and that the dark mat-
ter mass is greater than the dark photon mass, so that
annihilation of dark matter in the early universe proceeds
predominantly through annihilation to dark photons. As
we will see, the XENON1T excess can be accounted for
by inelastic down-scatters depositing a few keV of energy
into electrons at XENON1T.
II. INELASTIC DARK PHOTON MEDIATED
DARK MATTER
The kinematics and characteristics of inelastic dark
matter (DM) models have been studied extensively [20–
37]. Inelastic dark matter mediated by a dark photon has
been examined in e.g. [31, 37]. Hereafter our conventions
and treatment will follow Reference [37] most closely, al-
though there are some key differences, since [37] primar-
ily focused on dark matter masses in excess of 100 GeV,
while here we find some details are different for sub-GeV
mass DM that explains the XENON1T excess.
We consider a massive dark photon V , Dirac fermion
ψ, and complex scalar φ, all charged under a U(1)D gauge
symmetry. The Lagrangian is
L = LSM + |Dµφ|2 − V (φ)− 1
4
VµνV
µν + Vµ∂νF
µν
+ ψ¯(iDµγ
µ −mψ)ψ + (yDφ ψ¯T C−1 ψ + h.c.), (1)
where Dµ ≡ ∂µ+ igDVµ is the gauge covariant derivative
with gauge coupling αD ≡ g2D/4pi, Vµν and Fµν are the
dark and Standard Model field strength tensors, C is the
charge conjugation matrix for ψ, and yD is the Yukawa
coupling between φ and ψ. V can obtain a mass term
of the form M2V VµV
µ either through the Stueckelberg
mechanism or through coupling to φ. We assume that
φ obtains a vacuum expectation value (vev) vφ through
the machinations of its potential V (φ). Then the Dirac
fermion component mass states, which we label χ2,1 will
be split by a mass difference
δ ≡Mχ2 −Mχ1 ' yDvφ = keV
( yd
10−8
)( vφ
100 GeV
)
,
(2)
where here we have normalized the scalar vev to a value
which would permit vφ to generate a sub-GeV mass for
V , in the context of the thermal freeze-out dark matter
model that follows.
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2III. COSMOLOGICAL PRODUCTION AND
RELIC ABUNDANCE
In the early Universe the dark sector will be in ther-
mal equilibrium with the Standard Model (SM) plasma.
Freeze-out of χ1 and χ2 takes place when the tempera-
ture of the Universe drops below Mχ. We are interested
in the “secluded” dark matter scenario where MV < Mχ,
so that the annihilations of χ1 and χ2 are dominated by
the process χ¯χ→ V V . This annihilation cross section is
given by
σv =
piα2D
M2χ
√
1− M
2
V
M2χ
. (3)
The dark photon will decay subsequently to SM particles
via the mixing with photon. To find the dark matter relic
abundance from thermal freeze-out, we use the standard
dark matter relic abundance formula [38, 39]
Ωxh
2 =
109xf√
g∗MPl 〈σv〉 GeV ≈ 0.12, (4)
where Ωxh
2 is the comoving relic abundance of dark mat-
ter, g∗ ∼ 10 is the number of relativistic degrees of free-
dom at the time sub-GeV mass dark matter falls out of
equilibrium, xf = Mχ/Tf ∼ 20 is the mass-normalized
freeze-out temperature, and MPl is the Planck mass. Us-
ing the χ¯χ → V V annihilation cross-section in this relic
abundance formula, we find the dark gauge coupling that
satisfies dark matter relic abundance requirements,
αD ' 4× 10−5
(
Mχ
GeV
)(
1− M
2
V
M2χ
)−1/4
. (5)
The above treatment of χ’s relic abundance has ne-
glected the possible affect of χ1,2 mass splitting on ther-
mal freeze-out. This is warranted, since for the parameter
space we are addressing, δ  Tf , and so we expect the
mass splitting δ makes no difference for our freeze-out
computations.
After freeze-out, the inter-conversion process χ2χ2 ↔
χ1χ1 will be efficient until the temperature of the dark
sector drops below some temperature Tco. If Tco < δ, the
ratio of the number density of χ2 and χ1 is exponentially
suppressed
n2
n1
∼ e− δTco , (6)
where the inter-conversion ceases at
n2〈σχ2χ2→χ1χ1v〉
H
∼ 1 . (7)
However, we note that the temperature of the dark sector
drops rapidly after decoupling from the thermal bath,
and indeed we will find that inter-conversion shuts off at
Tco  keV. We estimate Tco as follows. Conservatively
we assume χ1 and χ2 are still in kinetic equilibrium with
SM plasma after DM freeze-out. We restrict our focus to
temperatures below an MeV so the inter-conversion rate
can be estimated as α2DT
2/M4V . This can be compared
with the Hubble rate H ∼ √pig∗T 2/MPl. From Eq. (7)
we obtain
Tco ∼
(√
pig∗
α2D
M4V
MPl
)1/3
. (8)
Then conservatively choosing g∗ = 3.4, for a typical
dark matter mass Mχ ∼ 1 GeV and a mediator mass
MV ∼ 0.1 GeV, αD ∼ 4× 10−5, we find Tco ∼ 25 keV
δ ∼ 2.8 keV. We keep in mind that the estimate only
represents a lower limit on Tco. In most of our parame-
ter space, inter-conversion will cease at temperatures far
above 25 keV. The same estimate can be applied to other
dark matter and mediator masses, and we find Tco > δ
in all the parameter space we are interested in. Conse-
quently it is justified so take n2 = n1 in our analysis.
After freeze-out χ2 may decay to χ1 and SM particles.
Since δ < 2me, χ2 may only decay to neutrinos and pho-
tons. In the presence of V-Z mixing, the χ2 → χ1ν¯ν
decay rate is given by [31]
Γχ2→χ1ν¯ν =
4 sin2 θ4W
315pi3
G2F δ
9
M4V
2αD
α
. (9)
We require the lifetime of χ2 to be longer than the age
of universe in order for χ2 to be stable, which gives
 < 0.007
√
α
αD
(
MeV
δ
)9/2(
MV
100 MeV
)2
. (10)
We will be particularly interested in a mass splitting δ ∼
3 keV, where a decay rate suppression factor of 1023 is
expected relative to the normalization given above, and
there is no meaningful constraint on . We conclude that
for parameters around Mχ ∼ 1 GeV, MV ∼ 0.1 GeV and
αD ∼ 4 × 10−5,  is not constrained by the χ2 lifetime.
While χ2 can also decay to χ1 via the emission of three
photons χ2 → χ1 +3γ, the decay rate in this case is even
more suppressed: Γ ∝ (δ/MeV)13 [31]. Therefore we
conclude χ2 is stable for the dark matter, dark photon,
and δ masses we are interested in.
IV. DOWNSCATTERING FROM DARK
PHOTON DARK MATTER
In the presence of a heavier dark matter state χ2 and a
lighter state χ1, three possible dark matter-electron scat-
tering processes may take place in the XENON1T detec-
tor: (a) elastic: χ1(2) + e → χ1(2) + e, (b) endothermic:
χ1 + e → χ2 + e, (c) exothermic: χ2 + e → χ1 + e. The
typical recoil energy in process (a) and (b) is µχev
2 ∼ eV,
which is much smaller than the recoil energy required to
explain the XENON1T excess. Thus we focus on the
exothermic scattering with mass Mχ . GeV and the
3Figure 1. Exothermic DM-electron scattering fit to the
XENON1T excess. Upper: Event rates including both back-
ground and exothermic scattering with Mχ = 1 GeV, δ =
2.8 keV and σ¯e = 4.5 × 10−44 cm2. A heavy dark photon
mediator is assumed with ρχ2 = ρDM/2 and the detector res-
olution smearing has been incorporated appropriately. The
Xenon1T data and background are extracted from [1]. Lower:
Exothermic scattering rates without background and detector
smearing. Red and blue lines correspond to Mχ = 1 GeV and
0.1 GeV respectively, and are normalized by different cross
sections to be depicted in the same figure.
mass splitting δ ∼ 2.8 keV. In this scenario, the electron
recoil energy is mainly extracted from the down scatter-
ing of χ2. From energy conservation we can solve for the
momentum transfer q = |~q|
q = k cosβ ±
√
k2 cos2 β + 2Mχ(δ − ER) , (11)
where cosβ accounts for the scattering angle between
the momentum ~k of χ2 and ~q. Since −1 ≤ cosβ ≤ 1, the
maximum and minimum momentum transfer is achieved
separately when
qmin = |k −
√
k2 + 2Mχ(δ − ER)| , (12)
qmax = k +
√
k2 + 2Mχ(δ − ER) . (13)
Figure 2. The exothermic DM-electron exothermic scatter-
ing cross-section is given over a range of dark matter masses,
matching the XENON1T electron recoil data in the 1 keV-
30 keV range. The band shows the 1σ preferred region, after
δ is fixed to a best fit value δ = 2.8 keV, and ρχ2 = ρDM/2.
The minimum velocity for scattering is
v2min = max
{
2
Mχ
(ER − δ), 0
}
. (14)
Following [46, 47] the velocity-averaged differential
cross section in exothermic dark matter scattering reads
d〈σv〉
dER
=
∫ vmax
vmin
dv
v
f(v)
∫ qmax
qmin
σe
2me
a20qdqK(ER, q) ,
(15)
where a0 = 1/(meα) denotes the Bohr radius with the
fine structure constant α ' 1/137, and K(ER, q) is
the atomic ionization factor outlined in [46, 47]. For
ER ∼ 2 keV, the characteristic momentum transfer q
is about tens of keV, which corresponds to K ∼ 0.1.
We take a standard Boltzmann DM velocity distribution
f(v), where the angular part has been integrated over.
We assume the Earth velocity ve = 240 km/s and the
escape velocity vesc = 600 km/s. The maximum veloc-
ity of dark matter is then vmax = ve + vesc. In the limit
where dark photon mass MV is much larger than the mo-
mentum transfer, the scattering cross section takes the
form [24, 31]
σe =
16pi2ααDµ
2
χe
M4V
. , (16)
The electron recoil energy will be smeared by the de-
tector resolution, which to a good approximation can be
modeled by [48]
σdet
ER
=
a√
ER/keV
+ b , (17)
where a = 0.3171±0.0065 and b = 0.0015±0.0002. This
gives a resolution of 23% at 2 keV. We take the Gaussian
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Figure 3. This figure shows Dirac fermion dark matter model parameters that provide for the observed abundance of dark
matter through thermal freeze-out processes in the early universe, while simultaneously accounting for the observed excess of
electron recoil events at XENON1T. Throughout the figure, αD has been fixed to achieve the observed cosmological abundance
of dark matter, according to Eq. (5). The green region enclosed by dashed lines shows the 1σ best fit inelastic downscattering
rate matching the observed XENON1T excess. The electron scattering cross-sections corresponding to these parameters are
shown in Figure 2. The mass splitting between Dirac fermion component states δ and dark matter mass Mχ are indicated.
Constraints on dark photons are shown in gray [40–44] alongside CRESST [45] DM-nucleon scattering bounds shown in blue.
resolution function
Res(E,ER) =
1√
2piσ2det
e
− (E−ER)2
σ2
det , (18)
which can be convolved with the velocity-averaged cross
section in Eq. (15) to produce the dark matter detection
rate in the XENON1T detector
dR
dE
= NT
ρχ2
Mχ
∫
d〈σv〉
dER
Res(E,ER)dER , (19)
where NT ' 4.2×1027/ton is the number of Xenon atoms
in the detector, and ρχ2 is the energy density of χ2. As
detailed in the preceding section, it is safe to assume that
half the dark matter particles are in the excited χ2 state
for the model parameters we are interested in, in which
case ρχ2 ' 0.15 GeV/cm3.
We show the expected event rate from exothermic scat-
tering in Figure 1 for a best fit inelastic mass split-
ting δ = 2.8 keV. Regardless of Mχ, the scattering rate
exhibits a sharp peak around δ before detector resolu-
tion smearing. The rate drops abruptly as ER > δ for
Mχ = 0.1 GeV, due to a relatively large vmin as can be
understood from Eq. (14). Therefore the recoil energy
peak for 1 GeV dark matter tends to be more symmet-
5ric. However, this difference in the recoil spectra should
not be noticeable in practice, since the recoil energy spec-
tra are appreciably smeared by the detector resolution as
given by Eq. (17). We see from the upper panel of Fig-
ure 1 the smeared scattering spectrum with background
can describe the XENON1T data quite well. We have
fit the XENON1T data [1] in the 1 keV-30 keV range by
fixing δ = 2.8 keV, ρχ2 = ρDM/2 and varying σe.
The 1σ best fit exothermic electron scattering
cross section is shown in Figure 2. Because of
the detector resolution and kinematic uniformity of
exothermic scattering detailed above, the fit does
not change appreciably with dark matter mass:
∆χ2 = χ2WIMP+bkgd − χ2bkgd = −9.1→ −10.6 when Mχ
increases from 10 MeV → 1GeV.
In Figure 3 we show parameter space, where dark
photon mediated Dirac fermion dark matter is pro-
duced in the correct relic abundance in the early uni-
verse, and which also predicts an excess of events at
XENON1T through exothermic DM-electron scattering.
Besides scattering with electrons, dark photon mediated
dark matter will also scatter with nuclei, predominantly
through scattering with protons. The per-nucleon scat-
tering cross-section against a nucleus with nucleon num-
ber A and proton number Z is
σn =
16pi2ααDµ
2
χn
M4V
(
Z
A
)2
, (20)
where µχn is the dark matter-nucleon reduced mass. For
most low mass nuclei, Z/A = 0.5, including oxygen at
CRESST [45], which sets a leading bound onMχ = 0.3−1
GeV parameter space shown in Figure 3. For Mχ =
0.1 GeV, a weaker bound on DM-nucleon scattering can
be derived using the Migdal effect and results from the
XENON1T experiment [49]. However, this constraint on
σn is too weak to appear in Figure 3.
V. DISCUSSION
We have studied a specific model of inelastic dark
photon mediated dark matter, and found that a sub-
GeV Dirac fermion coupled to a lighter sub-GeV mass
dark photon could account for the XENON1T excess,
while simultaneously predicting the correct relic abun-
dance of dark matter through freeze-out annihilation in
the early universe. A crucial feature of this model is
a few keV mass splitting between the component Dirac
states, resulting in exothermic electron scattering events
at XENON1T.
There are many avenues for future research. While
at present, the DM-nucleon cross-section predicted by
this model is too weak to be found out at experiments
like CRESST, SuperCDMS, and NEWS-G [45, 50, 51],
these experiments are projected to reach sensitivities that
should test this model for Dirac fermion masses close to
a GeV in the coming years. In addition, as more elec-
tron recoil events are collected and detector resolution
improves at xenon experiments like XENON, PandaX,
and LZ [52–54], It should become clear whether the elec-
tron recoil spectrum exhibits the sharp peak at a few keV
as predicted for exothermic dark photon dark matter in
Fig. 1. We look forward to pursuing these strategies on
the path to unveiling the identity of dark matter.
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